There exists strong interaction between the plasma and channel wall in the Hall thruster, which greatly affects the discharge performance of the thruster. In this paper, a two-dimensional physical model is established based on the actual size of an Aton P70 Hall thruster discharge channel. The particle-in-cell simulation method is applied to study the influences of segmented low emissive graphite electrode biased with anode voltage on the discharge characteristics of the Hall thruster channel. The influences of segmented electrode placed at the ionization region on electric potential, ion number density, electron temperature, ionization rate, discharge current and specific impulse are discussed. The results show that, when segmented electrode is placed at the ionization region, the axial length of the acceleration region is shortened, the equipotential lines tend to be vertical with wall at the acceleration region, thus radial velocity of ions is reduced along with the wall corrosion. The axial position of the maximal electron temperature moves towards the exit with the expansion of ionization region. Furthermore, the electron-wall collision frequency and ionization rate also increase, the discharge current decreases and the specific impulse of the Hall thruster is slightly enhanced.
Introduction
The Hall thruster, also named as a stationary plasma thruster, is widely used in space propulsion tasks, such as attitude control, dynamic compensation, orbit transfer and so on. It has advantages of simple structure, high efficiency, small mass, high specific impulse and long service lifetime [1] [2] [3] [4] . Hall thruster has the hollow coaxial structure (shown in figure 1 ), thruster propellant is injected from the anode position into the channel, collided with electrons from the cathode and become ionized electrons and ions. Since the Larmor radius of the electron is much smaller than thruster channel radius, electrons perform the hall drift motion under the combined action of axial electric field and radial magnetic field. Since the Larmor radius of ion is much larger than the characteristic length of the thruster, the ions are accelerated and ejected out of the channel by the electric field. The ions ejected from the outlet are neutralized by the electrons emitted from the cathodes placed outside the exit of the channel, keeping the thruster electrically neutral, so that the thruster can be operated stably. The regions where ionization takes place and ions are accelerated are respectively known as the ionization region and acceleration region (shown in figure 2 ). The axial position of these two regions directly affect the thruster's life, specific impulse, efficiency and other properties.
The direction of the magnetic field at the exit of the Hall thruster channel is perpendicular to the wall, and the potential lines are bent in the direction of the outlet of the channel, resulting in a larger divergence angle of the plume and serious corrosion of the channel wall, which eventually reduces the service life [5] [6] [7] . In view of the above, scientists proposed many ways to improve the performance of thrusters, such as changing the electromagnetic field configuration, the design of a reasonable channel size, optimizing the wall materials and so on, these methods are also been investigated by PIC simulation [8] [9] [10] [11] [12] [13] [14] . One of these methods called wall segmentation electrode can reduce the wall corrosion and divergence angle. The so-called segmented electrode is dividing original boron nitride (BN) insulation wall of the Hall thruster into two parts, one part of the wall using BN materials, while the other part uses electrode materials. In the 1990s, Russia has carried out the research about the wall materials of Hall thruster, Bugrova et al found that the discharge channel wall will be covered with a layer of thin film through doing experiments, at the same time the acceleration region is narrowed and moved to the exit, and the thruster performance is also degradated [15, 16] . In 2003, Gascon and Barral et al carried out experimental research and numerical simulation on the effect of wall material properties on the performance of the SPT100-ML Hall thruster discharge process. In the experiment, they chose four wall materials with different secondary electron emissivity coefficients: Al O , 2 3 SiC, BN SiO 2 -and C, the secondary electron emission coefficients of which decreases in turn. The experimental result shows that the current and discharge concussion was minimum, the efficiency was highest, and thrust was maximum when BN SiO 2 -was chosen. After the experiment, they found that the conduction current in the near-wall would be larger when the secondary electron emission coefficient was close to one, which also played a leading role [17, 18] . In 2009, the researchers of the Harbin Institute of Technology Plasma Propulsion Laboratory showed that the division of the graphite electrode in the thruster wall would make the divergence of the plume angle increasing in a certain range. When the graphite electrode length is less than 2 mm, a small range of ion focusing effect can be produced through the Hall thruster experimental study. After the experiment, it was found that the wall-dividing electrode could control the ionization region and the potential distribution in the accelerating region, meanwhile increase the divergence angle of the plume and reduce the performance of the thruster [19] [20] [21] . In 2014, Qing Shaowei et al used PIC simulation method to segment Hall thruster ionization region wall and applied a bias voltage higher than the anode. The simulation result showed that: near the segmented electrode there formed ring potential lines, which alleviate the strong interactions between electron, ion and anode, the anode sputtering is suppressed [22] . In 2016, Cao Anning et al and Liu Guangrui et al found that the arrangement of the different graphite electrodes length at the exit of the Hall thruster channel and altered discharge voltages would affect the potential, ion density, electron temperature, ionization rate and discharge current in the discharge channel through numerical simulation study [23, 24] .
In this paper, a two-dimensional PIC simulation is used to study the effect of biased segmented graphite electrode wall on the Hall thruster channel discharge process, optimize the location and length of the segmented material, and study the potential distribution of the discharge channel at different locations in the ionization region, electron temperature and ionization rate distribution, and other discharge characteristics of the thruster.
Physical model and boundary conditions

Physical model
Since the discharge channel of the Hall thruster has an axisymmetric structure, a numerical model of two-dimensional spatial coordinates (axial z and radial r) and three-dimensional velocity parameters ( , , z r u u u q ) is established. The simulated region and the magnetic field are shown in figure 3 . The simulated region has the same actual size with P70 annular thruster discharge channel, and the numerical simulation channel width r 14 mm, = length z 30 mm, = L 0 shows the starting location of the wall segmented electrode, L seg represents the electrode length. The simulation is started with a initial state, in which the gas is injected from the anode side, after about 10 6 steps, the discharge and the plasma parameters become stable, where the program stops and outputs the steady-state data. In the simulation, the time step is set as t 0.1 , In the thruster discharge channel, the plasma satisfies the Maxwell equation:
where E, B, , r J, , 0 e 0 m and t represent the electric field, the magnetic field, the electric charge density, the current density, the dielectric constant, the vacuum permeability and times, respectively.
The Poisson equation is obtained from the Maxwell equations:
The Hall thruster discharge channel has a ring structure and satisfies the axisymmetric condition. So it is expressed by a two-dimensional cylindrical coordinate system, the twodimensional Poisson equation with axial z and radial r: r r r r z e n n 1 . 4
In equation (4), n , i n e and e represent the ion number density, the electron number density and the unit charge, respectively.
The meshes are divided into equal space steps in para-llel to z and r directions, respectively, with i and j to represent the direction of the grid count, respectively. According to 
It can be seen that Poisson equation (6) is an elliptic equation, and it is very difficult to solve the equation directly. The solution is introducing the virtual time, the Poisson equation (6) transformes into a parabolic equation:
wheres is the source term corresponding to the right hand side of equation (6) .
= where F is the solution of the Poisson equation. After the numerical solution of potential , F the central difference method was used to calculate the value of the electric field for the calculation of the charged particle motion.
Motion equations of particles in the Hall thruster
The motion equation of the single particle in the Hall thruster channel under the action of electromagnetic field is:
In equations (8) and (9), v, x, m and q represent the velocity vector, the position vector, the charged particle mass and the amount of charge carried by the particles, respectively.
The motion equations of equation (9) 
Boundary conditions
The insulating material of the boron nitride is used as the wall material before the unsegmented electrode. The modified Morozov second-electron emission model is adopted for the boundary conditions [25, 26] . When the incident electrons with an energy of e strike an insulation wall, four cases correspond to the probability, appearing wall deposition (the electron either is absorbed by the wall), occurring inelastic reflection, knocking out one electron or knocking out two electrons: As the conduction characteristics of the graphite electrode material and BN insulating material are different, the segmented electrode of ionization region wall will affect ion number density and potential distribution in the Hall thruster. Figure 4 (a) represents the density and potential distribution of ions in the discharge channel before and after the segmented electrode is applied. In the figure, I represents the ionization region, II area is the acceleration region. It can be seen from figure 4(a) that with the segmented electrode position moving towards the acceleration region, the equipotential lines are more vertical with the wall surface, and the acceleration region is obviously shortened. Ion number density increases, and the ionization region moves towards the exit. As the accelerating region is where the ions get energy from the electric field, the reduction of radial potential drop in the accelerating region leads to reduction of the radial acceleration of ions and lower wall erosion. Figures 4(b1-b4) represents radial velocity distribution of ions when segmented electrodes are placed at different position. Figure 4(b) shows that, when the position of the segmented electrode moves to the accelerating region, the radial velocity of the ion merely changes at the initial stage, but the radial velocity of the ion decreases obviously when L 21 mm, 0 = and the ion divergence angle at the exit of the thruster becomes smaller and the thrust increases. The ion-radial velocity directly affects the interaction between the ion and the wall. As the ion radial velocity decreases, the ion-wall collision frequency also decreases, which reduces the corrosive effect of the plasma on the channel wall surface and improves the life of the thruster. Figure 5 shows the ion-wall collision frequency varies with the position of segmented electrodes. When L 0, 0 = 9, 15 mm the ion and wall collision frequency is basically the same. But when L 21 mm, 0 = the frequency of ion-wall collision is significantly reduced. This is consistent with the results of ion radial velocity distribution analysis. It can be seen that placing the segmented electrode in the vicinity of the accelerating region can effectively suppress the radial flow of the ion, improve the stability of the beam and reduce the wall corrosion.
The effect of segmented electrode on the electron temperature and ion-wall collision frequency
Since the graphite electrode has a lower secondary electron emission coefficient [27, 28] , when it is compared with that of the BN wall material, with the same energy of the incident electrons, the probability of secondary electron excitation is smaller. Figure 6 shows the axial distribution of the electron temperature peak before and after segmented electrodes. It can be seen from figure 6, when L 0, 9, 15 mm, 0 = the electron temperature peak axial position is almost unchanged. When L 21 mm, 0 = the axial position of electron temperature peak moves to the exit, which is consistent with the movement of ionization region in figure 4(a) .
The electron and wall collision frequency can reflects the ability of the thruster to maintain discharge stability. During the collision of the electrons and the wall, the stable Hall drift motion will be destroyed, and the near-wall conduction will reach the anode under the electric field to maintain the normal discharge of the thruster. Figure 7 shows electronic-wall collision frequency varies with the position of segmented electrodes. In the simulation, wall collision frequency is calculated by recording the total amount of charged particles encountering with the wall per unit time. From figure 7 we can see, when L 9 mm 0 = and L 15 mm 0 = the collision frequency of electrons and wall slightly increased, when L 21 mm, 0 = the collision frequency between electron and wall increases obviously. The reason is that, because of the conductive properties and biased anode-voltage of the graphite conductor electrode, the potential drop between wall and channel center is reduced, so that the electron collide with the wall more easily. Furthermore, the electron temperature is very high at 21-24 mm, therefore the movements at this area is much more intense, leading to the significant increase of collision frequency between the electron and the wall after segmented electrode is applied. 
Effects of segmented electrode position on ionization characteristics
One of the important factors influencing the ionization of the working fluid is the secondary electron emission from the channel wall, which dues to: (1) The average temperature of the secondary electrons emitted from the wall is relatively low, which will significantly reduce the electron temperature in the channel and change the axial distribution of electron temperature [29] . (2) the secondary electrons emitted from the wall will accelerate under the electric field to have higher energy after they enter into the discharge channel, so the density of the high energy electrons in the discharge channel increases and the ionization rate of working fluid improves [30] . From these two aspects above, it can be seen that the secondary electron emission from the wall will not only affect the axial position of the ionization region in the discharge channel, but also affect the ionization rate of the working fluid. However, the change of the ionization rate of the working fluid may not be monotonous.
The ionization rate of the Xe atom in the discharge channel can be expressed as [31] : 
In equation (18), S z , i ( ) n e and n z a ( ) represent the ionization rate, the electron density and the atomic number density, β 0 and T * are constants. For Xe: β 0 =2.2×10 −14 m 3 s −1 , T * =4 eV. When the density of atomic number n z a ( ) is almost constant, equation (18) can be approximately expressed as: From equation (19) , we can see that the ionization rate increases along with the growth of electron temperature or electron density in the discharge channel. Figure 8 shows the distribution of the ionization rate along the axial direction z before and after the segme-nted electrode placement. Figure 8 shows that, the moving direction of the ionization rate peak is as same as the ionization region. When the electrodes are segmented at different positions in the ionization region, the peak value of the ionization rate also changes. According to equation (19) , we can see that the change of ionization rate is related to the electron temperature and the electron number density while the density of atoms is almost constant. Figure 9 shows the distribution of the electron number density in the discharge channel and the potential line before and after segmented electrode placement. It can be seen from figure 9 that the electron density distribution of L 0 =15 mm, is almost as same as that of L 0 =0 mm and L 0 =9 mm, but the total integration area is smaller than the others. This is an explanation of the ionization rate drop when L 0 =15 mm. When L 0 =21 mm, the distribution area of electron number density is obviously larger than the former three cases, and the ionization rate increases obviously.
Influence of segmented electrode position on discharge current
The discharge current of the thruster is an important parameter to reflect the performance and efficiency of the Hall thruster. The channel discharge current can be calculated by recording the number of electrons encountering with the anode plane of the thruster. Figure 10 shows the change of the channel discharge current, with different segmented electrode positions. The cyan area shows the corresponding segmentation region. It can be seen from figure 10, when L 9 mm 0 = Figure 9 . Distribution of electron number density and potential line in the discharge channel before and after the segmented electrode placement. In the case of the channel wall segmented electrodes, the discharge current mainly depends on the nearwall conduction current. The near-wall conduction current in the channel can be expressed as [32] : w and s represent the near-wall conduction, the electron flux to the wall, the electron cyclotron frequency and total secondary electron emission coefficient, respectively. It can be seen from the equation that the value of near-wall conduction current is mainly determined by electron flux and totel secondary electron emission coefficient. When the electron flux to the wall increases, the secondary electron flux also increases correspondingly. The electron flux is directly proportional with the electron-wall collision frequency. Since the secondary electron emission coefficient of graphite is lower than the insulating material of BN ceramic, s is reduced. It can be seen from figure 7 that the increase of electron-wall collision frequency is not obvious when L 9 mm 0 = and L 15 mm, 0 = but it increases obviously when L 21 mm, 0 = which induces the slight growth of discharge current show in the figure 10. Thruster specific impulse is the important physical parameters of measuring the efficiency of the thruster, figure 11 shows the influence of different positions and lengths of segmented electrode on specific impulse and thrust. As can be seen from figure 11 , segmented electrode length has a small effect on specific impulse and thrust, When L 9 mm 0 = and L 15 mm, 0 = the specific impulse of the thruster changes very little, but when L 21 mm, 0 = the specific impulse and thrust growth more rapidly. This is because that the acceleration region is largely shortened when L 21 mm, 0 = the ion radial velocity reduces, and the ionization rate increases, therefore the specific impulse and thrust increase.
Conclusion
In this paper, a two-dimensional physical model is established based on the full channel of Aton-type Hall thruster. The effect of the bias voltage in the discharge channel is studied by arranging electrodes at different positions in the ionization region. The simulation results show that, when the bias voltage U d is 350 V (equivalent to the anode voltage U b ), the wall corrosion decreases along with the reduction of collision frequency between wall and the charged particles, therefore the orbital lifetime of thruster can increase by segmenting biased electrode at the ionization region. When initial position of electrode is at L 9, 15 mm 0 = at axis, the electron potential distribution in the channel merely changes, the distribution of ions number density is similar to electrons, the ionization region extends slightly toward the exit, the electron-wall collision frequency slight increases, and the discharge current drops. When L 21 mm, 0 = the ionization region expands axially towards the exit quickly, the ionization rate also increases, the acceleration region is compressed, and the equipotential lines tends to be perpendicular to the wall, and electron-wall collision frequency increases, the discharge current increases slightly, the ion-wall collision frequency decreases along with the wall corrosion. The radial velocity of the ions at the exit of the channel reduce obviously, which can improve the plume angle. As the position of the segmented electrode constantly moving towards the accelerating region, the specific impulse and thrust also increases gradually, and the growth rate can reach 4% when L 21 mm, 0 = the length of different electrodes (L 2, 3, 4 mm seg = ) has little influence on thruster performances. 
